The long-term effects of the use of the latissimus dorsi muscle for dynamic cardiomyoplasty were studied. Skeletal muscle fast fatiguable type II fibres are transformed to highly fatigue-resistant type I fibres in animal models, and is assumed to occur in men. However, it is not known whether this same transformation occurs in patients with chronic heart failure.
Introduction
Dynamic cardiomyoplasty is a surgical procedure consisting of mobilization of the latissimus dorsi muscle intact with its thoracodorsal neurovascular pedicle, followed by transposition into the thorax. The muscle is wrapped around the ventricles and electrically stimulated synchronously with cardiac contraction in order to assist the failing heart [1] . At present, questions on how to achieve the optimal effect of a wrap procedure, and how to stimulate the muscle, are still a matter of debate [2, 3] . Earlier, we reported that the latissimus dorsi muscle in goats, which were stimulated for over 3 months, showed extensive lipomatosis, an increase in connective tissue and arterial intimal hyperplasia [5] , resulting in loss of muscle viability and function.
So far no data have been published describing the long-term changes in the tissue structure of the latissimus dorsi muscle after cardiomyoplasty in humans. The aim of this study was to examine whether the skeletal muscle adaptation that occurs in experimental animals occurs similarly in man. Tissue near to stimulation electrodes was studied in detail to assess whether the electrical current itself was an additional cause of fibre degeneration. The latissimus dorsi muscle was sampled at the proximal, middle and distal area to identify whether relative ischaemia in the more distal muscle due to removal of collateral blood circulation might be an additional cause of fibre degeneration. The muscle structure's appearance was examined in three male patients, who had been subjected to a cardiomyoplasty procedure and survived for more than 2 years. These patients were in New York Heart Association (NYHA) functional class IV at the time of operation.
Methods and material

General
Three male patients, with end-stage heart failure due to dilated cardiomyopathy, were subjected to cardiomyoplasty procedure. At the time of this procedure they were all in NYHA functional class IV. Patient C also underwent coronary artery bypass grafting using four anastomoses. All procedures followed were in accordance with institutional guidelines.
Surgical procedure
The surgical method used to perform cardiomyoplasty has been described by Chachques et al. [1] . In summary, the left latissimus dorsi muscle was mobilized, perforating collaterals to the muscle were cauterized and the neurovascular pedicle was kept intact. Two intramuscular electrodes (Medtronic SP5528) were attached to the proximal part of the muscle. After a partial resection of the second or third rib, the muscle was introduced into the thoracic cavity and wrapped in a clockwise fashion around both ventricles. The muscle leads and a sensing lead attached to the right ventricular wall were connected to a myostimulator (Medtronic SP1005) which was subsequently positioned in a subcutaneous pocket.
Latissimus dorsi muscle conditioning and stimulation
In patients B and C the conditioning of the muscle started 2 weeks after the cardiomyoplasty, according to clinical protocol [1] . This postoperative protocol calls for a 2-week period without stimulation to obtain muscle flap recovery and to allow muscle adhesion to the ventricles. In patient A, the onset of stimulation was delayed for one month because of post-operative respiratory tract infection. For all patients the stimulation protocol started with one pulse synchronized to every other cardiac contraction, with an upper stimulation rate of 50 pulses per minute, and the muscle was subsequently stimulated as recommended by Chachques et al. (Table 1) .
Latissimus dorsi muscle biopsies
Peroperatively, one biopsy was obtained from each left latissimus dorsi muscle graft for histopathological investigation. Post-mortem, autopsy samples were collected from the proximal to the distal parts of the muscle at five well defined locations (Fig. 1) . The tissue pieces were carefully positioned for transverse sectioning. All biopsies were fixed in 4% phosphate buffered paraformaldehyde (pH 7·4) and subsequently embedded in paraffin. Histological analyses were performed on 5 m sections. Counting of type I fibres was performed on sections immunohistochemically stained with the mouse monoclonal antibody R 11 D 10 (Centocor, Europe) raised against human left ventricular MHC type I [10] . Type II fibres were counted on sections after immumohistochemical staining with the monoclonal antibody MY-32 (Sigma, Belgium) raised against mouse MHC type II.
At least 300 muscle fibres were counted per specimen to calculate the percentage of type I and II fibres. Staining of tissue slices with EvG (Elastine von Gieson) and SR (Sirius Red) was performed to assess the amount of fatty and connective tissue, respectively. Quantification of the amount of connective and fatty 
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tissue in each specimen was performed on a computerized morphometer (Quantimet 570, Leica). This image analyser identifies and quantifies different areas of tissue.
Arteries with an inner diameter of at least 0·05 mm were counted and checked for intimal hyperplasia on slices following EvG staining. Biopsy specimens of each stimulated latissimus dorsi muscle were used to count the density of arteries, and to evaluate arterial wall integrity. These findings were compared with data from biopsy specimens of unstimulated latissimus dorsi muscles.
Case presentations
Patient A with severe aortic stenosis and mitral incompetence underwent replacement of both aortic and mitral valves 2 years before cardiomyoplasty. Postoperatively he suffered from a cytomegalovirus infection resulting in dilated cardiomyopathy and therefore a cardiomyoplasty was performed. The patient was then 57 years of age. Pre-operatively he was in dyspnoea functional class IV with a left ventricular ejection fraction, as measured by echocardiography, of 15%. On exercise testing he could barely walk 2·5 min of the Bruce protocol stage I. However, 4 months after the procedure, supported by his cardiomyoplasty the patient improved to NYHA class II. The clinical condition of the patient remained stable until one year before his death, when his condition deteriorated due to progressive heart failure, resulting in death 5 years after cardiomyoplasty. Patient B suffered from diabetes mellitus type II and had had an inferior myocardial infarction 8 years before cardiomyoplasty. Echocardiography before cardiomyoplasty showed dilated cardiomyopathy with a left ventricular ejection fraction of 20% and severe mitral incompetence (grade IV). The patient was rejected for cardiac transplantation because of his diabetes, and a cardiomyoplasty was performed at the age of 57 years. Following cardiomyoplasty he had to be admitted to hospital several times because of progressive congestive heart failure. Two years post-operatively his left ventricular ejection fraction has reduced to 14%. A few months later the patient died of end-stage pump failure.
Patient C was a 66-year-old male at the time of his cardiomyoplasty operation. He had been healthy until 2 years pre-operatively, when he started to develop shortness of breath during exercise. Echocardiography showed dilated cardiomyopathy, with a left ventricular ejection fraction of 15% and severe mitral incompetence (grade IV). Cardiac catheterization revealed severe three-vessel coronary artery disease. A cardiomyoplasty was performed, in combination with coronary artery bypass grafting using four anastomoses when the patient was in NYHA class IV heart failure. Two years postoperatively, while in a stable clinical condition (NYHA class II) he died suddenly.
Results
All three patients were in NYHA class IV at the time of cardiomyoplasty surgery. The left latissimus dorsi muscle (peroperative biopsy) at that time was mainly composed of type II fibres (70-83%) and a relatively low amount of fatty tissue (3-9%) ( Table 2 ). Relatively small biopsies of less than 1 g were obtained at that time, to prevent muscle damage. A representative picture of the left latissimus dorsi muscle at the time of cardiomyoplasty surgery is shown in Fig. 2 , illustrating a fast fatiguable muscle with only 28% type I fibres and relatively low amounts of fat and connective tissue.
The transposed left latissimus dorsi muscle, which had been stimulated electrically for over 2 years, showed an overall loss of muscle structure (Table 3) . Large amounts of fatty tissue, up to 28%, were observed in the latissimus dorsi muscle of patient A. The transposed latissimus dorsi muscle of patient B was preserved relatively well with only small amounts of fatty (5-18%) and connective tissue (2%).
In addition to the increase in the amount of fatty and connective tissue in the conditioned left latissimus dorsi muscle, type I fibres appeared to be increased when compared to the peroperative biopsies (Table 2) . In patient C, the contribution of type I fibres was about 68% and in patients A and B this was even higher (76 and 80%, respectively). In patient C, the contribution of type I fibres decreased gradually from the proximal to the distal region, respectively, from 68% to 11%. Excessive connective tissue growth and infiltration with fat cells was observed in the distal muscle area of patient C (Fig. 3) .
In patients A and B, the percentage of type I fibres was consistent over the entire muscle, whereas the intramuscular contents of fat and connective tissue were rather heterogeneous. Figures 4 and 5 are representative of the middle part of the latissimus dorsi muscle of patient A, having about 76% type I fibres. Selective staining of an adjacent tissue slice with EvG shows the fatty degeneration (20% fatty tissue) and connective tissue ingrowth (3%), in this muscle (Fig. 6) .
At the time the post mortem biopsies were obtained, in two of the three patients, the tissue structure of the unstimulated right latissimus dorsi was also available for examination (Table 2 ). Apparently healthy Table 2 ). These findings indicate that the amount of type I fibres was much higher than before surgery, but still lower than in the stimulated left latissimus dorsi muscle. At a relatively small distance from the distal stimulation electrode (0·5 cm) the muscle structure was not significantly different from the muscle structure 1·5 and 2·5 cm further away (Table 4 ). Both the amount of fat and connective tissue were not increased close to the electrode, and the number of type I fibres was not different. Only in patient C was the percentage of type I fibres lower at a distance of 2·5 cm from the electrode, a finding which was also present in more distal parts of the latissimus dorsi muscle. Only in one latissimus dorsi muscle artery located in the middle part of the left latissimus dorsi muscle (patient B) was significant intimal hyperplasia observed. Other arteries appeared healthy. Moreover, the number of arteries was about four times higher in stimulated muscles (1·05 artery . mm 2 ) as compared to the unstimulated latissimus dorsi muscles (0·24 artery . mm 2 ).
Discussion
In the present study, we examined the latissimus dorsi muscle structure in three patients with dilated cardiomyopathy, both before and after this muscle was wrapped around the ventricles, and stimulated electrically to supply cardiac support. The aim of chronic electrical stimulation during the first 3 months of the conditioning protocol following cardiomyoplasty is to increase the percentage of this fatigue-resistant muscle fibre type I to more than 80%, as evidenced in experiment animals, in addition to supplying cardiac support. After 12 weeks of chronic electrical stimulation in dogs, a significant change in fibre-type distribution is seen, consisting of an increase in type I fibres from 30% to more than 80% [11] . Chronic electrical stimulation of the goat latissimus dorsi muscle showed an almost complete transformation, with an increase in type I fibres from 27% to 92% [5] . Before surgery the fibre type distribution of the left latissimus dorsi appeared to be affected significantly by heart failure. The number of type I fibres was very low (17-30%) when compared to the normal contribution of 51% type I fibres [12] . This is in agreement with the low amount of type I fibres in patients with chronic heart failure, as observed by Sullivan and co-workers [13] . The percentage of type I fibres in the stimulated muscle of patient A increased to 76% and in patient B to more than 80%, which is in good agreement with findings from animal experiments. Patient C showed only an increase of type I fibres in the proximal part of the stimulated latissimus dorsi muscle. The middle part was not altered and surprisingly, the distal part of the muscle showed a decrease in percentage type I fibres (11%). As the right latissimus dorsi muscle of this patient did not show such a decrease, but an increase, chronic heart failure cannot explain this decrease in type I fibres. The percentage of type I fibres in the right latissimus dorsi muscle was relatively high, which is in line with the modest increase observed in goats from 19 4% to 27 7% [4, 11] . Thoracodorsal nerve cross innervation might be the cause of this increase.
The increase in vascularization of long-term stimulated muscle may indicate adaptation to the higher workload, and is in agreement with the tissue structure of slow oxidative muscles with an increased number of capillaries [14] . In the present study, the capillary to fibre ratio was excluded for histological evaluation because most (autopsy) biopsy specimens were obtained several hours after death. The standard method in our laboratory uses alkaline phosphatase staining to demonstrate the capillaries and this method is only valid in acutely obtained, quickly frozen biopsy specimens [15] . To investigate the effect of electrical stimulation on muscle structure, biopsies were taken at increasing distances from the distal electrode. If the electrical stimulation itself would have been harmful to the muscle, it could be anticipated that the deterioration would have been more pronounced close to the electrodes. However, changes in fatty tissue and connective tissue were not related to the distance from the electrodes.
Electrical stimulation has been applied to cause structural changes to the arterial wall in animal experiments [16] . However, this effect was not observed in the present study because in general intimal hyperplasia was rarely found. This is in contrast to the observed intimal hyperplasia in goats [5] . Disconnection of the collateral blood supply mainly supporting the distal area of the muscle is necessary for transposition of the muscle. Whether this disconnection and subsequent ischaemia may cause muscle atrophy will depend on restoration of blood supply. In animal experiments, the blood supply to the distal area appeared to be restored within a few weeks [17] . In all patients, the distal part of the muscle was very thin, and only small muscle fascicles remained. However, it could not be concluded that ischaemia itself was the cause of this finding.
Our three cases demonstrate large inter-and intra-fascicular variability in skeletal muscle adaptation to long-term electrical stimulation after a cardiomyoplasty procedure. The final chronic muscle stimulation protocol in these patients consisted of one muscle contraction to every other cardiac contraction, following a 3 months conditioning protocol in a 1:2 synchronization mode. This conditioning protocol is currently under discussion, as it is considered too intensive. Whereas initially full muscle transformation into fatigue-resistant fibres was advocated to obtain optimal assistance in pump function, at present gradual girdling of the ventricles to stop or reduce dilatation is assumed to be the working mechanism of cardiomyoplasty [3, 18] . Therefore, future stimulation should be in a 1:4 or 1:6 synchronization mode. This might reduce the risk of muscle damage caused by over-use. Measurements in these muscle biopsies do not give conclusive information about the regulation of muscle viability because any of the procedures mentioned earlier (cauterization of collaterals to the distal part of the muscle, wrap procedure, loss of muscle tension, electrical stimulation) may be responsible for muscle atrophy and concomitant fatty replacement. Also, in animal experiments the wrapped latissimus dorsi muscle showed a significant increase in the percentage of endomyseal connective tissue (from 3·7 1·3 to 12·8 3·5%) and an increase of fatty tissue to more than 25% [5] . These observations may have important consequences for cardiomyoplasty with regard to muscle power. In patients with Duchenne muscle dystrophy, it was demonstrated that more than 22% of muscle replacement by fat resulted in a reduction of contractile force below 35% of the normal value [19] . Earlier we reported reasonable latissimus dorsi muscle shortening in these three patients several months postoperatively [20] . Unfortunately these measurements were not performed just prior to death in the group of patients which was included in the present study. If muscle deterioration occurs gradually, muscle condition must have been better preserved at the time that the relative shortening was assessed.
Conclusion
Long-term results after cardiomyoplasty revealed large variations in fibre type transformation and muscle deterioration in the latissimus dorsi muscle used. These changes do not seem to be related to the local effect of the electrical current, but rather to activation of the whole muscle. Muscle fibre transformation to 60-80% type I fibres accompanied by lipomatosis and connective tissue ingrowth, in combination with an increased number of small arteries, was a general finding.
